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SUMMARY 
Remote s e n s i n g  d a t a  c o l l e c t e d  w i t h  t h e  A i r b o r n e  L i d a r  O c e a n o g r a p h i c  
Probing  Experiment (ALOPE) laser f l u o r o s e n s o r  d u r i n g  t h e  S u p e r f l u x  I (March  17, 
1980)  and  Superflux I1 ( J u n e  23,  1980)   experiments   have  been  analyzed  using 
two techniques .  A q u a l i t a t i v e  t e c h n i q u e  w h i c h  r e q u i r e s  n o  s u p p l e m e n t a r y  d a t a  
has  p rov ided  a near - rea l - t ime estimate o f  re la t ive abundance  of  the  golden-  
brown  and   green   phytoplankton   co lor   g roups .   Contour   p lo ts   deve loped   for   the  
June  23, 1980 mission are u s e d  t o  d e m o n s t r a t e  t h e  u t i l i t y  o f  t h i s  t e c h n i q u e .  
A q u a n t i t a t i v e  t e c h n i q u e  w h i c h  r e q u i r e s  s u p p l e m e n t a r y  d a t a  t o  d e f i n e  t h e  
a t t e n u a t i o n  c o e f f i c i e n t  p r o v i d e s  c h l o r o p h y l l  a c o n c e n t r a t i o n  b y  c o l o r  g r o u p .  
The suh o f  t h e  g o l d e n - b r o w n  a n d  g r e e n  c h l o r o p h y l l a  d a t a  y i e l d s  t o t a l  c h l o r o -  
p h y l l  - a va lues   which  may b e   c o m p a r e d   w i t h   i n   s i t u   d a t a .  
Maximum v a l u e s  o f  c h l o r o p h y l l a  c o n c e n t r a t i o n  f o r  t h e  g o l d e n - b r o w n  popu- 
l a t i o n  were 0.08 glm3 i n  t h e  v i c i n i t y  o f  Newport News P o i n t  f o r  t h e  March  17, 
1980  mission. Maximum v a l u e s  o f  c h l o r o p h y l l  a ' c o n c e n t r a t i o n  f o r  t h e  g r e e n  
p o p u l a t i o n  were Q.03 g/m3 i n  t h e  v i c i n i t y  o f  F o r t  Monroe  and a g a i n  o f f s h o r e  
i n  t h e  r e g i o n  o f  t h e  " G r e e n  River." A s  expec ted ,   the   go lden-brown  popula t ion  
w a s  dominant i n  t h e  C h e s a p e a k e  Bay a n d  t h e  Bay plume whereas the green popu- 
l a t i o n  w a s  dominant i n  s h e l f  waters. 
INTRODUCTION 
The Airborne Lidar  Oceanographic  Probing Experiment  (ALOPE) remote laser 
f l u o r o s e n s o r  w a s  u s e d  i n  S u p e r f l u x  I and I1 t o  c o l l e c t  d a t a  o n  t h e  r e l a t i v e  
abundance  and  ch lorophyl l  a c o n c e n t r a t i o n s  of p h y t o p l a n k t o n  s p e c i e s  o f  t h e  
golden-brown  and  green  color  groups.  Two a n a l y s i s   t e c h n i q u e s  were used i n  
t h i s   s t u d y .  The f i r s t  p r o v i d e s  a q u a l i t a t i v e   d i s t r i b u t i o n   o f   p h y t o p l a n k t o n  
be tween the  two co lo r  g roups  of in te res t  (go lden-brown and  green)  wi thout  the  
n e e d  f o r  e i t h e r  c h i o r o p h y l l  a sea t r u t h  o r  m e a s u r e m e n t  o f  a t t e n u a t i o n  c o e f -  
f i c i e n t .  The second  p rov ides  a q u a n t i t a t i v e  d i s t r i b u t i o n  of  c h l o r o p h y l l  a by 
c o l o r  g r o u p  b u t  r e q u i r e s  some i n  s i t u  d a t a  o n  a t t e n u a t i o n  c o e f f i c i e n t  t o  
d e f i n e  t h e  d e p t h  o f  p e n e t r a t i o n  o f  t h e  laser  beam i n t o  t h e  water. Th i s  pape r  
p r e s e n t s  b o t h  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  d a t a  o n  c h l o r o p h y l l  2 concent ra -  
t i o n s  a n d  s p e c i e s  d i v e r s i t y  f o r  t h e  S u p e r f l u x  m i s s i o n s  o f  March 17 and June 23,  
1980. 
C l a s s i f i c a t i o n  e r r o r s  are n o t  d i s c u s s e d ;  h o w e v e r ,  t h e  p o t e n t i a l  f o r  s u c h  
e r r o r s  is d iscussed   by   Farmer   ( re f .  1). I n   a d d i t i o n ,   c o r r e l a t i o n s   b e t w e e n  
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t h e  r e m o t e  f l u o r o s e n s o r  d a t a  a n d  i n  s i t u  c e l l  coun t s  have  no t  been  a t t empted  
t o  d a t e .  T h e  d a t a  o f  M a r s h a l l  ( r e f .  2) w i l l  p r o v i d e  t h e  n e c e s s a r y  d a t a  b a s e  
for  such  compar isons .  
SENSOR AND MISSION DESCRIPTION 
The &OPE remote laser f l u o r o s e n s o r ,  o r i g i n a l l y  c o n f i g u r e d  f o r  f o u r  
e x c i t a t i o n  w a v e l e n g t h s  ( s e e  r e f .  3 )  was m o d i f i e d  f o r  t h e  S u p e r f l u x  m i s s i o n s  
t o  u s e  o n l y  two exc i ta t ion   wavelengths .   The   dominance   of   the   go lden-brown 
and  green  phytoplankton  co lor  groups  in  Chesapeake  Bay a n d  a d j a c e n t  c o n t i n e n t a l  
s h e l f  waters e l i m i n a t e s  t h e  n e e d  f o r  c o n s i d e r a t i o n  o f  t h e  b l u e - g r e e n  a n d  r e d  
c o l o r   g r o u p s .   F o r   t h i s   s t u d y ,   e x c i t a t i o n   w a v e l e n g t h s   o f   4 5 4   a n d   5 3 9  nm were 
s e l e c t e d  as n e a r  o p t i m u m  f o r  d i s c r i m i n a t i o n  b e t w e e n  t h e  two c o l o r  g r o u p s  o f  
i n t e r e s t .  A l t e r n a t i n g  p u l s e s  o f  l aser  l i g h t  a t  t h e  454  and  539 nm wavelengths  
are  e m i t t e d   w i t h  a time separa t ion   of   1 .9   seconds .  Laser power v a r i e s   f r o m  2 
t o  5 m J  w i t h  a p u l s e  d u r a t i o n  o f  4 0 0  n sec. Laser - induced   f luorescence  a t  
685 nm i s  c o l l e c t e d  t h r o u g h  a t e l e s c o p e - o p t i c a l  f i l t e r  (9-nm-bandwidth)  photo- 
mul t ip l i e r   t ube   sys t em.   Lase r -o f f   da t a  a re  a l s o  c o l l e c t e d  t o  d e t e r m i n e  b a c k -  
ground rad iance .  
The ALOPE s e n s o r  w a s  mounted i n  t h e  NASA-Wallops P-3 a i r c r a f t  and  flown 
a t  1 5 2 - m e t e r  a l t i t u d e  a t  a nominal   a i r speed   of  350  km/hour.  The  data  pre- 
s e n t e d  h e r e  a r e  f o r  t h e  J a m e s / s h e l f  m i s s i o n  o f  M a r c h  1 7 ,  1 9 8 0  ( i d e n t i c a l  t o  
t h e  m i s s i o n  o f  June  20, 1980 a s  p r e s e n t e d  i n  f i g .  2 o f   r e f .   4 )   and   t he   mapp ing  
mis s ion   o f   June   23 ,   1980   ( s ee   f i g .  3 o f  r e f .  4 ) .  . 
The  fundamen ta l  equa t ion  de f in ing  l a se r - induced  f luo rescence  ( a s  deve loped  
i n  r e f .  5) is: 
where F(X) i s  t h e   c h l o r o p h y l l 2   f l u o r e s c e n c e   a t   6 8 5  nm p roduced   by   l a se r  
e x c i t a t i o n  a t  wavelength A 
is t h e  w a t e r  a t t e n u a t i o n  c o e f f i c i e n t  a t  t h e  e x c i t a t i o n  wave- 
l e n g t h  
aF i s  t h e  w a t e r  a t t e n u a t i o n  c o e f f i c i e n t  a t  t h e  f l u o r e s c e n c e  wavelength  (685 nm) 
P i s  t h e   n e r g y   r e c e i v e d   b y   t h e  PMT a t  685 nm 
‘A 
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P is  t h e   o u t p u t   e n e r g y   o f   t h e  laser a t  t h e   e x c i t a t i o n   w a v e l e n g t h  
K is  t h e   c o l l e c t e d   g e o m e t r i c a l   a n d   o p t i c a l  terms which a re  con- 
Oh 
s t a n t  f o r  a g i v e n  f l i g h t  a l t i t u d e  a n d  s y s t e m  
Fluorescence  can  be r e l a t e d  t o  c h l o r o p h y l l  9 c o n c e n t r a t i o n  b y  t h e  
e x p r e s s i o n  
F (h )  = Cn 0 i i i h  
where n is t h e   c h l o r o p h y l l  2 c o n c e n t r a t i o n ,   o r  d e n s i t y   o f  a g i v e n  i phy top lank ton  co lo r  g roup  
and 0 is  t h e   f l u o r e s c e n c e   r o s s - s e c t i o n   o f a g iven   phytoplankton  
c o l o r  g r o u p  a t  e x c i t a t i o n  w a v e l e n g t h  X 
Thus,  for  Chesapeake Bay a n d  a d j a c e n t  s h e l f  waters w h e r e  t h e r e  are  two dominant 
phytoplankton   co lor   g roups ,   equa t ion   (2)   becomes  
F(X1) = n 0 + n 0 
1 l h l  2 2A1 
Then f o r . t h e  two exc i t a t ion  wave leng ths  used  fo r  t he  Supe r f lux  expe r imen t s  
F(454) = + n o  2 2,454 
and 
I f  (5 i s  known, t h e n   c h l o r o p h y l l  2 concent ra t ion   can   be   de te rmined   f rom 
equat ions   (4a)   and   (4b) .  
The f l u o r e s c e n c e  c r o s s - s e c t i o n s  o f  a number o f  phy top lank ton  spec ie s  have  
been  measured  in   the  laboratory  by  f lowing  wel l -mixed  samples   through a 
f l u o r e s c e n c e   s p e c t r o p h o t o m e t e r   ( s e e   r e f .  5 ) .  Typ ica l   va lues  of  0 f o r  t h e  
golden-brown and green color groups as  a f u n c t i o n  o f  e x c i t a t i o n  w a v e l e n g t h  a r e  
shown i n  f i g u r e  1. Also i n d i c a t e d  a re  t h e  two e x c i t a t i o n   w a v e l e n g t h s   s e l e c t e d  
f o r   t h e   S u p e r f l u x   e x p e r i m e n t s .   N o t e   t h a t   t h e  two c u r v e s   a r e   s i g n i f i c a n t l y  
d i f f e r e n t  i n  s h a p e ,  t h e r e b y  p e r m i t t i n g  d i f f e r e n t i a t i o n  b e t w e e n  t h e  two c o l o r  
g roups  th rough  da ta  ob ta ined  a t  t h e  two i n d i c a t e d  e x c i t a t i o n  w a v e l e n g t h s .  
A l though   env i ronmen ta l   f ac to r s   a r e  known t o   e f f e c t   t h e   v a l u e   o f  o , t h e  
shape   o f   t he  0 - X c u r v e  i s  n o t   s i g n i f i c a n t l y   a f f e c t e d .   T h u s ,  u s e  of  
l a b o r a t o r y - d e r i v e d  c r o s s - s e c t i o n s  w i t h  r e m o t e l y  s e n s e d  d a t a  c a n  p r o v i d e  a n  
e s t i m a t e  o f  t h e  c h l o r o p h y l l  a c o n c e n t r a t i o n  by co lor  group and  a q u a l i t a t i v e  
d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  p h y t o p l a n k t p n  b e t w e e n  c o l o r  
40 7 
groups.  Limited i n  s i t u  d a t a  c a n  b e  u s e d  t o  c o r r e c t  t h e  l a b o r a t o r y - d e r i v e d  
c r o s s - s e c t i o n s  f o r  e n v i r o n m e n t a l  e f f e c t s  t o  p r o v i d e  q u a n t i t a t i v e  d a t a  o n  
ch lorophyl l  2 dens i ty  by  co lor  group.  
Q u a l i t a t i v e  a n a l y s t s . -  The qua l f t a t ive  approach  to  phy top lank ton  co lo r  
g r o u p  d i s c r i m i n a t i o n  w i t h o u t  t h e  n e e d  f o r  d e f i n i t i o n  o f  ~1 o r  s e a - t r u t h  d a t a  
to  co r rec t  l abo ra to ry -de r ived  c ross - sec t ions  is derived from examination of 
t h e  f l u o r e s c e n c e  r a t i o  
R = -  F5 39 
F4 54 
S u b s t i t u t i o n  o f  e q u a t i o n  ( 1 )  y i e l d s  
a + a  
a + a  
5 39 685  'r539 
4 54 685 '0539 0454 
R =  
El imina t ion   of   the  c1 dependency  of  equation  (6)  requires  examination  of  the 
a term in   equa t ion   (6 )   ove r  a v a r i e t y   o f   c o n d i t i o n s .   F i g u r e  2 p re sen t s  
measured va lues   o f   t he  a r a t i o  from 20 i n  s i t u  samples  w i th  a va lues  
ranging  from  0.43  to 36.9 m- l  ( a t  x = 633 nm, r e f .  3) as a funct ion  of  
a633. The a r a t i o  is  s e e n   t o   b e   e s s e n t i a l l y   c o n s t a n t  a t  a va lue  of 0.929. 
Those d a t a  of f i g u r e  2 f o r  which i n  s i t u  c h l o r o p h y l l  m e a s u r e m e n t s  were' 
a v a i l a b l e  are p l o t t e d  i n  f i g u r e  3 t o  d e m o n s t r a t e  t h a t  t h e r e  i s  no s i g n i f i c a n t  
v a r i a b i l i t y   o f -  a wi th   ch lorophyl l  
R 0,,929 &/- 'r4 54 
'0539 '04 54 
- a. Thus, equati.on (6) can be rewritten as: 
E 0.929 R* (7)  
Remotely sensed data  can then be input  to  equat ion ( 7 )  to  determine f luorescence 
r a t i o .  
From f i g u r e  1 (and r e f .  3) i t  c a n   b e   s e e n   t h a t   f o r   v a l u e s  of R of 
approximately uni ty ,  the phytoplankton are  e s s e n t i a l l y  a l l  golden-browns, 
wh i l e   fo r   va lues   o f  R of   approximate ly   0 .3 ,   the   phytoplankton   a re   a l l  members 
of the  green  color  group.  Values  of R between 1.0 and  0.3  would  indicate 
mixtures  of  phytoplankton of  the two color  groups.  
Quant i ta t ive  Analys is . -  Quant i ta t ive  de te rmina t ion  of  ch lorophyl l  a by 
color  group is  ob ta ined  by  subs t i t u t ion  of equat ions (4a)  and (4b)  into 
equat ion (1) t o  o b t a i n  
- 
+ n o  n o  'r454 1 1,454 2 2,454 - K(a454 + '685) 
- 
'r539 
685) '0539 
n o  1 1,539 " n2°2,539 = K(a539 + a 
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Solut ion  of   equat ions  (8a)   and  (8b)   for   n1  and  n2  requires   measured  values  
of a and  cor rec t ions   to   l abora tory-der ived   va lues  of 0. (In t h e s e  calcu- 
l a t ions ,   l abo ra to ry -de r ived   va lues   fo r  0 were used.)   For   the  purposes   of  
t h i s  s t u d y ,  v a l u e s  of c1 were obtained  from a s t r a i g h t - l i n e  f i t  b e t w e e n  back- 
ground radiance a t  685 nm (laser o f f )  a n d  t h e  m e a s u r e d  i n  s i t u  v a l u e s  o f  a. 
Under c lear -sky  condi t ions ,  background rad iance  normal ized  by  so lar  e leva t ion  
a n g l e  c o r r e l a t e s  w e l l  w i t h  a t t e n u a t i o n  c o e f f i c i e n t .  F o r  f u t u r e  s t u d i e s ,  
however, i t  is recommended t h a t  t h e  l a s e r - i n d u c e d  Raman peak be used to  
determine 0: as discussed  by Hoge ( r e f .   6 ) .  
RESULTS 
Qua l i t a t ive  Ana lys i s  
Equation 7 w a s  u sed  to  gene ra t e  the  results shown i n  f i g u r e s  4 and 5. 
F igure  4 p r e s e n t s  r e s u l t s  f o r  t h e  r e t u r n  l e g  o f  t h e  March 1 7 ,  1980 James/shelf 
mission. A s  discussed   prev ious ly ,   va lues   o f  R of  1.0 i n d i c a t e  golden-brown 
phytoplankton,   and  values   of   0 .3   indicate   green  phytoplankton.  Golden-browns 
are  seen to  dominate  within the Chesapeake Bay wi th  greens  dominat ing  of fshore  
(from  about  120 km t o  180 km). The increase i n  r e l a t ive  abundance  of golden- 
browns between 1.80 km and 195 km cor re sponds  to  the  she l f  b reak  r eg ion .  
S u f f i c i e n t  d a t a  w e r e  c o l l e c t e d  on t h e  mapping mission of  June 23 ,  1980 
to   gene ra t e   t he   con tour   p lo t  shown i n  f i g u r e  5 .  Golden-browns c l ea r ly   domina te  
wi th in  the  Bay (R > 0.65).  The c o n t o u r  f o r  R = 0.43 gives  a good q u a l i t a t i v e  
d e s c r i p t i o n  o f  t h e  Bay plume extending along the Virginia-North Carol ina 
coast ,  and i s  i n  good ag reemen t  wi th  o the r  da t a  co l l ec t ed  on t h i s  m i s s i o n .  The 
wave-l ike  s t ructure   (wavelength 25 km) of   the   ou ter   edge   of   the  plume appears  
t o  b e  i n d u c e d  b y  t i d a l  e f f e c t s .  
Data of the type  shown i n  f i g u r e s  4 and 5 could  be  genera ted  in  near  real  
time for  fu ture  Chesapeake  Bay plume s t u d i e s .  Such d a t a  would be  ve ry  use fu l  
in d i rec t ing  seaborne  sys t ems  to  sampl ing  areas o f  h i g h  i n t e r e s t .  
Quan t i t a t ive  Ana lys i s  
Q u a n t i t a t i v e   p l o t s   o f   c h l o r o p h y l l  - a f o r   t h e  March 1 7 ,  1980 mission are  
p r e s e n t e d  i n  f i g u r e s  6 ,  7, and 8 f o r  t h e  golden-brown co lo r  g roup ,  t he  g reen  
co lor   g roup ,   and   to ta l   ch lorophyl l  2, respect ively.   These  data   were  obtained 
by solut ion  of   equat ions  (8a)   and (8b ) .  Golden-browns a r e   s e e n   ( f i g .   6 )   t o  
peak a t  a value of about 0.08 g/m3 i n  t h e  v i c i n i t y  o f  Newport N e w s  Poin t .  They 
dec rease  to  ze ro  in  the  r ange  o f  120  to  160  km and i n c r e a s e  s l i g h t l y  i n  t h e  
expec ted   reg ion   of   the   "Green   River . "   In   f igure  7 g r e e n s   a r e   s e e n   t o   b e  low 
i n  t h e  Bay, t h e n  i n c r e a s i n g  t o  a peak of  0 .03 g/m3' in  the vicini ty  of  Fort  
Monroe. 
Tota l  ch lorophyl l  s, shown i n  f i g u r e  8 ,  i n d i c a t e s  s i g n i f i c a n t  f i n e  
s t r u c t u r e  w i t h  c l e a r l y  d e f i n e d  p e a k s  a t  10- t o  15-km i n t e r v a l s  from 20 t o  
110 km d i s t a n c e .  T h e s e  d a t a  a l s o  i n d i c a t e  a minimum between  130 
409 
and 150 km. F u r t h e r  a n a l y s i s  o f  t h e s e  d a t a ,  i n  c o m b i n a t i o n  w i t h  t h e  d a t a  
from o t h e r  r e m o t e  s e n s o r s  a n d  i n  s i t u  i n v e s t i g a t i o n s ,  w i l l  b e  r e q u i r e d  t o  
assess t h e  s i g n i f i c a n c e  o f  t h e s e  r e s u l t s .  The f o u r  sea t r u t h  d a t a  p o i n t s  
i n d i c a t e d  o n  f i g u r e  8 show consistency  between  remote  and i n  s i t u  d a t a  
wi th in  the  accuracy  of  bo th  techniques .  The r e s u l t s  p r e s e n t e d  i n  f i g u r e s  6 
t o  8 were obta ined  us ing  labora tory-developed  f luorescence  c ross  sec t ions ,  (5. 
Futu re  ana lyses  shou ld  inco rpora t e  a co r rec t ion  to  these  va lues  de r ived  f rom 
i n  s i t u  d a t a .  
CONCLUSIONS 
Data generated by a dual- laser-exci ta t ion-wavelength,  s ingle-wavelength-  
de t ec to r  r emote  a i rbo rne  f luo rosenso r  p rov ide  a n e a r - r e a l - t i m e  q u a l i t a t i v e  
assessment  of  phytoplankton  d is t r ibu t ion  by co lor  group wi thout  the  need  for  
i n  s i t u  data. Q u a n t i t a t i v e  c h l o r o p h y l l  a concen t r a t ions  by co lor  group a re  
obtained through the u s e  o f  supp lemen ta ry  da t a  to  de f ine  the  a t t enua t ion  
c o e f f i c i e n t .  It  is recommended tha t   t he   l a se r - induced  Raman peak  be  used  to 
d e t e r m i n e  a t t e n u a t i o n  c o e f f i c i e n t  i n  f u t u r e  s t u d i e s .  
Resu l t s  from t h i s  s t u d y  d e m o n s t r a t e  t h e  c a p a b i l i t y  o f  r e m o t e  l a s e r  
f luo rosenso r  sys t ems  to  de t e rmine  f ine - sca l e  s t ruc tu re  bo th  wi th in  the  
Chesapeake Bay Plume  and i n  s h e l f  w a t e r s .  
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Figure 1.- Fluorescence cross-sections f o r  single  species  representative 
of green and golden-brown phytoplankton  color groups. (Vertical 
bars  are at laser  excitation wavelengths.) 
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Figure 2.- In  situ  attenuation  coefficient ratio. 
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Figure 3.- In  situ  attenuation  coefficient  ratio - chlorophyll a relationship. 
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Figure 4 . -  Fluorescence  ratio, R*, for  March 17, 1980 James/shelf mission. 
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Figure  5.- F l i g h t  p a t h s  and  contours  f rom ca lcu la t ions  of f luo rescence  
r a t i o s   f o r   J u n e  23 ,  1980  mapping  mission. (Numbers on  contour 
l i n e s  are f l u o r e s c e n c e  r a t i o ,  R,  x l o 2  .> 
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Figure  6 . -  Chlorophyl l  - a dens i ty   i n   go lden-b rown   co lo r   g roup   fo r  
March 1 7 ,  1980 James/shelf  mission.  
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Figure 7.- Chlorophyll - a density in green color group for March 17, 1980 
James/shelf mission. 
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Figure 8.- Total chlorophyll a (total of data on figs. 6 and 7) for 
March T7, 1980 James/shelf  mission. 
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